OBJECTIVE-␤-Cell response to glucose is characterized by mitochondrial membrane potential (⌬⌿) hyperpolarization and the production of metabolites that serve as insulin secretory signals. We have previously shown that glucose-induced mitochondrial hyperpolarization accompanies the concentration-dependent increase in insulin secretion within a wide range of glucose concentrations. This observation represents the integrated response of a large number of mitochondria within each individual cell. However, it is currently unclear whether all mitochondria within a single ␤-cell represent a metabolically homogenous population and whether fuel or other stimuli can recruit or silence sizable subpopulations of mitochondria. This study offers insight into the different metabolic states of ␤-cell mitochondria.
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OBJECTIVE-␤-Cell response to glucose is characterized by mitochondrial membrane potential (⌬⌿) hyperpolarization and the production of metabolites that serve as insulin secretory signals. We have previously shown that glucose-induced mitochondrial hyperpolarization accompanies the concentration-dependent increase in insulin secretion within a wide range of glucose concentrations. This observation represents the integrated response of a large number of mitochondria within each individual cell. However, it is currently unclear whether all mitochondria within a single ␤-cell represent a metabolically homogenous population and whether fuel or other stimuli can recruit or silence sizable subpopulations of mitochondria. This study offers insight into the different metabolic states of ␤-cell mitochondria.
RESULTS-We
show that mitochondria display a wide heterogeneity in ⌬⌿ and a millivolt range that is considerably larger than the change in millivolts induced by fuel challenge. Increasing glucose concentration recruits mitochondria into higher levels of homogeneity, while an in vitro diabetes model results in increased ⌬⌿ heterogeneity. Exploration of the mechanism behind heterogeneity revealed that temporary changes in ⌬⌿ of individual mitochondria, ATP-hydrolyzing mitochondria, and uncoupling protein 2 are not significant contributors to ⌬⌿ heterogeneity. We identified BAD, a proapoptotic BCL-2 family member previously implicated in mitochondrial recruitment of glucokinase, as a significant factor influencing the level of heterogeneity.
CONCLUSIONS-We suggest that mitochondrial ⌬⌿ heterogeneity in ␤-cells reflects a metabolic reservoir recruited by an increased level of fuels and therefore may serve as a therapeutic target. Diabetes 56:2569-2578, 2007 M itochondria play essential roles in pancreatic ␤-cell function and dysfunction (1, 2) . They generate secretagogues for insulin secretion and produce factors that function to induce and propagate apoptosis. Essential to these processes is mitochondrial energy state, in the form of an electrochemical gradient, commonly termed the mitochondrial membrane potential (⌬⌿). This gradient influences ATP-to-ADP ratio, redox state (3) (4) (5) (6) , and reactive oxygen species (ROS), as well as calcium sequestration (2) .
A growing body of evidence suggests that mitochondrial dysfunction plays a role in the pathophysiology of type 2 diabetes, both in the insulin secretion failure of ␤-cells and insulin resistance in peripheral tissues such as fat and skeletal muscle. Mitochondrial ATP production is cardinal in the pathway leading to insulin secretion, which is demonstrated in the diabetic phenotype of patients with mitochondrial DNA mutations (1, 2) . It is not known whether mitochondria in healthy or dysfunctional ␤-cells are metabolically homogeneous, thus having uniform ⌬⌿, or whether they exist as subpopulations with different levels of ⌬⌿, therefore contributing unevenly to ATP synthesis and insulin secretion. In theory, a heterogeneous population may represent the existence of subpopulations of mitochondria that have relatively reduced capacity to generate secretagogues and thus constitute a therapeutic target for increased insulin secretion. To date, the phenomenon of mitochondrial heterogeneity has been studied in several cell types (7) (8) (9) (10) (11) (12) but not in ␤-cells.
⌬⌿ reflects mitochondrial fuel availability, Kreb's cycle and respiratory chain activity, and processes that consume the proton gradient, including uncoupling and ATP synthesis. Glycolytic pathways supply the mitochondria with anapleurotic intermediates that participate in fuel-stimulated insulin secretion (1) . BAD, a proapoptotic BCL-2 family member, has recently been implicated in cellular respiration (13) . BAD is thought to interact with the mitochondrial glucokinase (hexokinase IV) complex, and BAD knock-out rodents exhibit reduced mitochondrial glucokinase activity (13) . The uncoupling protein 2 (UCP2) has been shown to be a regulator of ⌬⌿ in ␤-cells (14) . Alterations in UCP2 expression levels have been shown to modify ␤-cell ⌬⌿ (15, 16) , ATP levels, and the secretory response to glucose (17, 18, 19) .
To test whether ␤-cell mitochondria constitute a metabolically diverse population, we developed a methodology that enabled the quantification of ⌬⌿ heterogeneity. By using this approach, we also determined its physiological relevance and systematically examined possible sources of heterogeneity. We show that ␤-cell mitochondria are metabolically diverse and that the span of heterogeneity is considerably larger than fuel-induced changes in ⌬⌿. Furthermore, we demonstrate that mitochondria become more heterogeneous in an in vitro diabetes model and more homogenous under acute fuel challenge. Finally, we found that cells from animals lacking BAD, but not UCP2, have an altered status of ⌬⌿ heterogeneity.
RESEARCH DESIGN AND METHODS
Twelve-week-old male C57BL6 mice, including wild-type (WT), BAD Ϫ/Ϫ , and UCP2 Ϫ/Ϫ , were used. BAD and UCP2 deficiency has been previously described (20, 21) . Animals were fed a normal diet and were maintained under controlled conditions (a constant temperature [19 -22°C] and a 14:10-h light-dark cycle) until death by CO 2 asphyxiation. All procedures were performed in accordance with the Tufts University Institutional Guidelines for Animal Care (IACUC no. 1104) in compliance with U.S. Public Health Service Regulation. Islet isolation and primary cell culture. Islets of Langerhans were isolated as previously described (5) and the islet cells dispersed by treatment with Ca 2ϩ /Mg 2ϩ -free PBS supplemented with 0.05 mg/ml trypsin (Gibco, Grand Island, NY) with occasional agitation. Dispersed cells were plated on poly-Dlysine-coated glass slide-bottom dishes (MatTek, Ashland, MA) in RPMI-1640 culture media (Gibco) supplemented with 10 mmol/l glucose, 10% FCS (HyClone, South Logan, UT), 100 IU/ml penicillin (Gibco), and 100 g/ml streptomycin (Gibco). Experiments were performed on individual cells not in contact with other cells after culture for 2-3 days at 37°C in a humidified atmosphere containing 5% CO 2 . Before experiments, cells were kept in 3 mmol/l glucose for 4 h. In glucolipotoxicity (GLT) experiments, normal cells were kept in medium containing 20 mmol/l glucose, 0.4 mmol/l palmitate, and 0.5% BSA for 24 h before imaging (22) . Analysis of 534 dispersed islet cells from two preparations revealed that 93% of cells that respond to increase in glucose from 3 to 8 mmol/l by mitochondrial hyperpolarization also stain positive for insulin by immunofluorescence (supplemental Fig. S1 [available in the online appendix at http://dx.doi.org/10.2337/db06-0757]). This is supported by a previous study examining the autofluorescence of flavins that confirmed that ␤-cells but not ␣-cells show a mitochondrial metabolic response to glucose (23) . We therefore used the criterion of mitochondrial hyperpolarization to determine the identity of ␤-cells at the end of each analysis. In the heterogeneity experiments, 23% of the cells did not show mitochondrial hyperpolarization in response to glucose. The cause for this in our experiments is not clear, although glucose unresponsiveness has been reported previously (24) , and our control experiments indicate a higher fraction of non-␤-cells within this fraction. Fluorescent probes. While measuring ⌬⌿ with the potentiometric dye tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazol-carbocyanine-iodide (JC-1), cells were incubated for 5 min at a concentration of 1 mol/l. Tetramethylrhodamine-ethyl-ester-perchlorate (TMRE) and MitoTracker Green FM (MTG) were used at concentrations of 7 and 100 nmol/l, respectively, and cells were incubated for 1.5 h before imaging. TMRE was kept in the medium throughout the experiments, while MTG was removed before imaging. All dyes were obtained from Molecular Probes (Eugene, OR). Confocal microscopy. Experiments were performed on live cells using a Zeiss LSM 510 Meta microscope (Carl Zeiss, Oberkochen, Germany) with a 100ϫ oil immersion objective. TMRE was excited with a 543-nm helium/neon laser and emission recorded through a band-pass 650-to 710-nm filter. MTG was excited using a 488-nm argon laser, and emission was recorded through a band pass 500-to 550-nm filter. During the experiments, cells were kept at 37°C in a humidified atmosphere containing 5% CO 2 . To allow for cellular response and dye equilibration, imaging was paused for 10 min after change in fuel concentration. Scanning cells continuously for 45 min did not induce any change in TMRE fluorescence intensity (FI), thus indicating minimal levels of phototoxicity. Tracking single mitochondria. A matrix-targeted photo-activatable green fluorescent protein (PA-GFP mt ) was expressed in ␤-cells using adenoviral transfection. Expression was derived by rat insulin promoter. Cloning and production of the virus was accomplished using the two-cosmid system (25) . Briefly, the DNA coding for photo-activatable green fluorescent protein was fused to a mitochondrial targeting sequence. Subsequently, it was subcloned into an adenovirus shuttle vector (pLEPMV10) used for the generation of DNA cosmid through recombination in DH5␣ bacteria. Replication deficient viral particles were packaged in HEK293 cells and CsCl purified (26) . Tracking of ⌬⌿ in individual mitochondria was performed in dispersed ␤-cells stained with TMRE 72 h after transfection with PA-GFP mt (Fig. 3A) , described in detail previously (27) . A transition to its active (fluorescent) form was achieved by photo-isomerization using a 2-photon laser (750 nm) to give a 375-nm photon equivalence at the focal plane. This allowed for selective activation of regions Ͻ0.5 m 2 . Z-stack time-lapse imaging was performed to follow individual mitochondria and correct for their movements. ⌬⌿ analysis. Different mitochondria appear in different focal planes and therefore exhibit a false variability in dye FI in confocal microscopy images. To correct for this we used the ratio of red to green, where the green signal (MTG) was a membrane potential-independent signal and the red signal (TMRE) was membrane potential sensitive. The Nernst equation allows conversion of FI values, which reflect dye concentration distributions over the mitochondrial membranes, into absolute millivolt values. By applying modified versions of this equation, we were able to calculate a cell's relative change in ⌬⌿ and the relative ⌬⌿ of a single mitochondrion. Further, an adapted Nernst equation was used to determine the SD of potentials derived at each and every pixel in an image, thereby giving a value of ⌬⌿ heterogeneity. For a detailed description of the ⌬⌿ calculation theory and application, see the supplements available in the online appendix. Statistical analysis. Data are given as means Ϯ SEM. Two-tailed, unpaired, or paired Student's t tests were used to compare cells of different types or under different fuel concentrations.
RESULTS

Mitochondria in pancreatic islets are metabolically heterogeneous.
To test for metabolic heterogeneity in the mitochondria of pancreatic islets, we used the fluorescent probe JC-1. Increasing ⌬⌿ negativity (hyperpolarization) shifts the JC-1 signal from green to red (9) . JC-1 revealed a distinct heterogeneity in ⌬⌿, as shown in Fig. 1A . A subpopulation of mitochondria stained red and thus have a higher ⌬⌿ than their green counterparts. Similar diversity was observed in both dispersed islet cells and cells that were part of intact islets (n ϭ 9 experiments). A quantification approach to single-cell mitochondrial metabolic heterogeneity. To further characterize heterogeneity in ⌬⌿, we set out to quantify it in millivolts. Quantification of ⌬⌿ heterogeneity in millivolts enables comparison of mitochondria's metabolic status within and between cells and monitoring of how it changes with the type of extra cellular environment. To get a functional perspective, we also sought to determine the single ␤-cell response to fuel challenge in millivolts. JC-1 proved inadequate for these experiments due to its relatively slow response time to changes in ⌬⌿ (28) . Additionally, JC-1 does not allow quantitative analysis of ⌬⌿ in millivolts due to its bimodal fluorescence and is prone to bleaching after only moderate laser exposure.
We developed a ratiometric imaging approach using dual staining with the ⌬⌿-dependent probe TMRE and the ⌬⌿-independent dye MTG (7). Importantly, TMRE equilibration is rapid due to high permeability across membranes and it does not inhibit mitochondrial respiration in low concentrations (29) . The dye concentrations used are lower than those previously reported in intact cell studies (7, 8, 29, 30, 31) . This enabled minimal levels of cytotoxicity and self-quenching of the dyes. To establish ⌬⌿ dependency of TMRE and rule out ⌬⌿ sensitivity of MTG, we performed two types of experiments. The effect of the proton ionophore FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone] on MTG and TMRE was tested in dispersed ␤-cells. FCCP strongly reduced TMRE fluorescence but left MTG fluorescence virtually unchanged (Fig. 1B) . Glucose exposure greatly enhanced TMRE FI but elicited a relatively small change in MTG fluorescence (Fig. 1C) .
Since TMRE and MTG signals are similarly influenced by changes in focal plane, the ratio product, TMRE/MTG, retains the voltage dependency of TMRE and is independent of the exact focal plane. Figure 1D demonstrates this effect in 5 cells of 31 that were studied in five sections along their Z-axes. While the FI of TMRE and MTG is highly variable, the TMRE-to-MTG ratio is essentially independent of focal plane. For details of the image analysis and algorithms used to calculate ⌬⌿, see the online appendix supplement. Mitochondrial metabolic heterogeneity in ␤-cells. Staining dispersed ␤-cells with TMRE and MTG revealed a cellular heterogeneity in ⌬⌿ similar to that observed with JC-1 ( Fig. 2A) . To illustrate the heterogeneity in a specific cell, we extracted the FI value of randomly chosen mitochondria and compared them to the mean FI of all the mitochondria within the cell by applying a modified version of the Nernst equation (online appendix supplement, Equation 2 ). The range of ⌬⌿ among the mitochondria in Fig. 2A was 26 .3 mV, indicative of major differences in ATP production capacity.
To enable statistical analysis of ⌬⌿ heterogeneity, we compared the FI of each image pixel to the mean FI of the mitochondria of the entire cell and calculated the ⌬⌿ in millivolts per pixel. In doing so, we were able to determine the SD of all the pixels' ⌬⌿, thereby creating a value of heterogeneity for each cell (online appendix supplement, Equation 3). By using this image analysis algorithm, it was ascertained that the pixels analyzed were of mitochondrial origin and not background staining. The SD of the cell in Fig. 2A was calculated to be 10.8 mV at 3 mmol/l glucose, translating into 95% of the mitochondria possessing ⌬⌿ within a span of 43.2 mV (4 SD). The mean SD for multiple cells at 3 mmol/l glucose was determined to be 8.7 mV (n ϭ 27 cells); 95% of analyzed pixels represent a span of 34.8 mV (4 SD).
To derive an estimation of the impact of such heterogeneity on ATP production, mitochondria of dispersed ␤-cells in 3 mmol/l glucose were divided into two groups in such way that the mean FI of the hyperpolarized group (n ϭ 56) was 7.1 mV higher than the mean of the depolarized group (n ϭ 32). A difference of 7.1 mV translates to a fivefold difference in ATP synthesis capacity (6) . Based on this analysis, it is estimated that the depolarized group comprises 36% of the mitochondria in the ␤-cell. Fuels modulate the functional distribution of mitochondria. Higher fuel levels induce higher rates of oxidative phosphorylation in mitochondria. We recently showed that mean ⌬⌿ in ␤-cells increases linearly with glucose concentration (5) . In this study, we questioned whether the subpopulation of mitochondria with relatively low ⌬⌿ can be recruited into a more active pool to handle fuel challenge. This would consequently decrease heterogeneity in ⌬⌿ of the cell. Alternatively, if all mitochondria increase their ⌬⌿ uniformly, the range of heterogeneity should remain constant. As a control to glucose, we used oligomycin (OM), known to hyperpolarize mitochondria.
Mitochondria in a normal dispersed ␤-cell responded to higher levels of glucose and to OM with hyperpolarization and increased ⌬⌿ homogeneity (Fig. 2B) . A typical ␤-cell (Fig. 2C ) decreased its ⌬⌿ SD span from 8.2 to 4.6 mV after glucose was elevated from 3 to 8 mmol/l. To test for a dose-response effect, we evaluated the effect of two stimulatory glucose concentrations. In normal dispersed ␤-cells, we found a significant mean decrease in heterogeneity value of 9.5 and 17.9% after elevation of glucose from 3 to 8 mmol/l and 3 to 16 mmol/l, respectively (P Ͻ 0.05; Fig. 2D ). The magnitudes of SD change induced by the two different glucose concentrations were statistically indistinguishable (P Ͼ 0.05). BAD Ϫ/Ϫ cells exhibited a significant decrease in SD of 21.2% when exposed to 8 mmol/l glucose (P Ͻ 0.05), not significantly different from the WT (data not shown). UCP2
Ϫ/Ϫ cells did not show any significant decrease in SD (P Ͼ 0.05; data not shown).
To investigate whether different mitochondrial populations have different capacities to import and metabolize various fuels, we tested the effect of mono-methyl-succinate (MeS), which bypasses glycolysis and feeds directly into the Kreb's cycle. We found a significant decrease in SD of 17.1% (P Ͻ 0.05) in cells after MeS challenge (data not shown). There was no significant difference when MeS challenge was compared with glucose challenge (Fig. 2D) , indicating that premitochondrial glycolytic metabolism does not cause heterogeneity in ⌬⌿. Quantification of the global cellular fuel response in millivolts. Our results indicate that mitochondrial heterogeneity spans a range of ϳ35 mV (Fig. 4) . However, the actual change in millivolts in response to different fuels is not known. To better understand the physiological significance of mitochondrial heterogeneity, it is necessary to measure the change in millivolts. To determine the fuel response in millivolts, we measured the increase in FI of ␤-cell mitochondria (Fig. 2E) . Using a modified version of the Nernst equation, we translated the change in FI to a ⌬ millivolts value for every cell (online appendix supplement, Equation 1). Figure 2E shows a mean response of ⌬⌿ after an increase in glucose concentration from 3 to 8 mmol/l of Ϫ6.0 mV. A total of 77% (49 of 64) of the dispersed ␤-cells responded to glucose by elevation of ⌬⌿ (threshold Ϫ2.0 mV), and only those were used for the analysis, since glucose-induced hyperpolarization is a characteristic of ␤-cells (RESEARCH DESIGN AND METHODS and 23).
Addition of 0.3 mmol/l oleate to 8 mmol/l glucose resulted in further hyperpolarization of Ϫ4.0 mV in dispersed ␤-cells (Fig. 2E) . This increase was significantly smaller than the glucose response of the same cells (P Ͻ 0.05). Only the cells responding to oleate (13 of 33) were included in the analysis.
To examine whether the magnitude of hyperpolarization would differ after bypassing glycolysis, we tested the effect of MeS on the dispersed ␤-cells. The average response to MeS (Ϫ7.7 mV) was not significantly different from the response to glucose (Fig. 2E) . Tracking subcellular ⌬⌿ differences over time. Heterogeneity may represent a state in which each individual mitochondrion's ⌬⌿ is unstable or, alternatively, a state in which the ⌬⌿ of each mitochondrion is stable but the population is diverse. Therefore, to elucidate the mechanism behind ⌬⌿ heterogeneity, there is a need to follow the ⌬⌿ of individual mitochondria over time. We tagged individual mitochondria within the intact cell by photoconverting PA-GFP mt and monitored ⌬⌿ by costaining with TMRE. PA-GFP mt is diffusible only within the mitochondrial matrix and therefore delineates the matrix boundary of each mitochondria in which it has been photo-converted (27) . Like MTG, it can be used in conjunction with TMRE for ratiometric measurement of ⌬⌿ (online supplement, Equation 4). Six experiments in which two or three mitochondria in a dispersed ␤-cell were photo-labeled and tracked for 20 -30 min are shown in Fig.  3A and B. Comparable results were recorded from INS1 cells (rat insulinoma cell line; online supplement, Fig.  S3C-E) . Observation of single mitochondria for longer than 20 -30 min is difficult to achieve due to the occurrence of fusion and fission events. Nevertheless, during a period of up to 30 min, the ⌬⌿ held relatively stable (SD 1.6 mV; online supplement, Fig. S3D-E) . This suggests that ⌬⌿ heterogeneity in ␤-cells is not due to intrinsic temporal changes in ⌬⌿ in each individual mitochondria but rather supports the existence of subpopulations of mitochondria possessing different ⌬⌿. Mechanism of ⌬⌿ heterogeneity. The proton gradient across the inner mitochondrial membrane is built up by proton efflux from the matrix and is dissipated either through the F1FO-ATPsynthase or by alternative routes such as uncoupling proteins. To investigate the cause of heterogeneity, we undertook a systematic approach examining metabolic events both upstream and downstream of the gradient. Role of UCP2. UCP2 has been shown to be both induced and activated by ROS and free fatty acids (FFAs) (14,32) . We hypothesized that a heterogeneous allocation or activ- ity of UCP2 among mitochondria might affect the heterogeneity in ⌬⌿. Dispersed ␤-cells from mice deficient in UCP2 were tested for heterogeneity. We found a slightly reduced ⌬⌿ heterogeneity level in UCP2 Ϫ/Ϫ , but this was not statistically significant compared with the WT (P ϭ 0.12, n ϭ 9 cells; Fig. 4 ). Role of BAD. As BAD has been implicated in cellular respiration, a heterogeneous distribution or activity of mitochondrial BAD could result in heterogeneous fuel input to different mitochondria. We therefore examined dispersed BAD-deficient ␤-cells as described above for the WT cells. The mean ⌬⌿ SD in BAD Ϫ/Ϫ cells was determined to be 6.7 mV (Fig. 4) , a decrease of 23% compared with WT cells (P Ͻ 0.001). Comparable differences were observed in two separate batches of BAD-deficient mice (n ϭ 6 and 11 cells). ATP-hydrolyzing mitochondria. ⌬⌿ may be maintained by either proton efflux from the matrix by the respiratory chain or by reversed F1FO-ATPsynthase activity resulting in ATP consumption instead of production (33) . Such ATP-hydrolyzing mitochondria would be expected to have a different ⌬⌿ than their ATP-producing counterparts. To account for ATP-hydrolyzing mitochondria as a possible cause of heterogeneity in ⌬⌿, we inhibited the F1FO-ATPsynthase with OM. In theory, OM would cause ATPproducing mitochondria to hyperpolarize and ATPconsuming mitochondria to depolarize. In Fig. 3C , we show that the majority of the mitochondria in a dispersed ␤-cell hyperpolarize in response to OM, while one mitochondrion depolarizes. A minority of the cells treated with OM exhibited ATP-consuming mitochondria (36%), with an average of 2.6 mitochondria (SE 0.6) covering a mean mitochondrial area of 4.0% (SE 1.3) per confocal image section (n ϭ 44 cells). The infrequency of ATP-consuming mitochondria does not support a major contribution to ⌬⌿ heterogeneity. Subcellular localization. In HeLa cells, it has been reported that peripheral mitochondria have a higher ⌬⌿ than perinuclear mitochondria, suggesting the possibility that heterogeneity may represent differences in ⌬⌿ that originate from localization (7) . To test for this relationship in dispersed ␤-cells, we measured the FI in perinuclear (defined as juxtaposed to the nucleus) and peripheral (defined as juxtaposed to the plasma membrane) mitochondria. We found no significant disparity in ⌬⌿ (average FI [arbitrary units] 570 Ϯ 21 and 561 Ϯ 35, respectively).
Contribution of imaging technique and sample preparation to heterogeneity.
To exclude artifact influence on the measurements of heterogeneity, a series of control experiments were performed. Accounting for variability due to imaging, time laps measurements of mitochondrial heterogeneity showed minimal variation (online supplement, Fig. S3A ). Comparison of perinuclear and peripheral mitochondria, as well as fluorescent beads (online supplement, Fig. S3B ), showed little variation, thus indicating low spatial variability in measurements due to light scattering or uneven excitation/detection within the imaging field. To account for the contribution of damage during islet and cell isolation, parameters of mitochondrial damage and heterogeneity were compared between cells within the islets and in dispersed cells. No mitochondrial swelling was observed due to dispersion or GLT (online supplement, Fig. S2A and B) . Heterogeneity was found in both whole islets and dispersed cells (Fig. 1A) . Additionally, the INS1 cell line cells showed similar patterns of heterogeneity (online supplement, Fig. S2C ).
TMRE may become diluted in damaged mitochondria that go through swelling even if actual membrane potential does not drop. To rule out such false-positive interpretations of ⌬⌿ depolarization in large mitochondria, the correlation between mitochondrial size and ⌬⌿ was studied. Depolarized mitochondria were found to be smaller than the average, which is expected since fragmentation is triggered by depolarization (34) . Additionally, conditions with high levels of heterogeneity did not have increased mitochondrial diameter (Fig. 4) .
Concerning overall noise estimation, changes of ⌬⌿ of the individual mitochondrion over time generate an SD of 1.6 mV (n ϭ 11 individual mitochondria in 11 different cells and 60 -160 data points per mitochondrion). If all mitochondria had similar baseline ⌬⌿, it is expected that a population of ϳ100 mitochondria sampled at a single snapshot would create an SD of 1.97 mV. (SD is higher due to smaller sample size when a snapshot rather than a time-lapse is analyzed.) This value should be considered as the noise of the methodology (Fig. 3A and online supplement S3E). Mitochondrial heterogeneity in ␤-cell dysfunction. We hypothesized that increased mitochondrial heterogeneity could be a characteristic of mitochondrial dysfunction in diabetic ␤-cells. To mimic diabetic conditions, we used a rich nutrient environment model (GLT), a previously described in vitro model of type 2 diabetes (22) . WT dispersed ␤-cells were incubated in the presence of high glucose and high FFAs (RESEARCH DESIGN AND METHODS) and the effect on ⌬⌿ heterogeneity assessed. The mean ⌬⌿ SD was determined to be 11.9 mV, a significant increase of 37% compared with normal cells (P Ͻ 0.001; Fig. 4) . The cell's morphology was maintained, and the mitochondria appeared hyperpolarized and of normal size (online supplement, Fig. S2B ).
To explore whether ATP-consuming mitochondria become more abundant in cells under GLT conditions and thus affect the level of heterogeneity, we inhibited the F1FO-ATPsynthase with OM to reveal any such mitochondria. No difference in ⌬⌿ heterogeneity was observed in cells under OM, indicating that ATP-consuming mitochondria are not a significant contributor to the level of heterogeneity observed under GLT (data not shown). 
DISCUSSION
This study examines the diverse metabolic state of ␤-cell mitochondria. We show that mitochondria within the ␤-cell are metabolically heterogeneous and that their ⌬⌿ spans a range larger than the change of ⌬⌿ in millivolts induced by fuel challenge. Increasing glucose concentration recruits mitochondria into a higher level of homogeneity, while chronic exposure to GLT results in increased heterogeneity. Exploration of the mechanism behind heterogeneity revealed that transient changes in ⌬⌿ of individual mitochondria, ATP-hydrolyzing mitochondria, and UCP2 are not significant contributors to ⌬⌿ heterogeneity. We identified BAD, previously implicated in mitochondrial recruitment of glucokinase, as a significant factor that influences the level of heterogeneity. Implications of ⌬⌿ heterogeneity. We found that mitochondria in dispersed ␤-cells exhibit a considerable heterogeneity in ⌬⌿, spanning Ͼ15 mV at normal glucose concentrations (Figs. 1A, 2A-C, and 4) . This phenomenon may be of particular importance in ␤-cells, as ⌬⌿ drives ATP synthesis and hence influences ATP-sensitive K ϩ channel activity and insulin secretion (2). Nicholls (6) reported that for every 14-mV decrease in ⌬⌿, mitochondrial ATP production decreases 10-fold; the disparity in ATP production between hyper-and depolarized ␤-cell mitochondria consequently may exceed 10-fold.
Three fuels, glucose, MeS, and oleate, resulted in mitochondrial hyperpolarization between 4 and 8 mV (Fig. 2E) . These effects put into context the remarkable distribution in ⌬⌿ under normal glucose, indicating that ⌬⌿ heterogeneity is a significant cellular feature and of possible importance to ␤-cell physiology.
Given the wide baseline diversity in mitochondrial activity, fuel metabolism may involve either general upregulation in mitochondrial activity or selective upregulation of either low-or high-active mitochondrial subpopulations. We observed mitochondrial ⌬⌿ heterogeneity to markedly decrease in response to both glucose and MeS (Fig. 2D ). This effect is consistent with recruitment of low-active mitochondria to the hyperpolarized state. We propose that some mitochondria with lower activity might serve as a metabolic reservoir, with the ability to be recruited by fuel exposure to increase ATP production and downstream insulin secretion, and might represent a therapeutic target for failing ␤-cells. Indeed, increased ␤-cell metabolic efficiency has been suggested as a potential site of future insulin-secreting drugs (35).
Prolonged elevated levels of glucose and FFA result in GLT, which we find associated with a higher degree of ⌬⌿ heterogeneity (Fig. 4) . It has recently been reported that chronic hyperglycemia results in decreased interaction of glucokinase with mitochondria (36) . This dissociation may be asynchronous and may result in uneven distribution of glycolitic intermediates and products, giving rise to the increased heterogeneity observed under GLT.
Although we grossly show metabolic heterogeneity in intact islets (Fig. 1A) , further study is needed to determine whether the specific characteristics of dispersed ␤-cells described here apply to ␤-cells of the intact islet and in vivo. Mechanisms for ⌬⌿ heterogeneity. To identify an underlying mechanism of ⌬⌿ heterogeneity in the ␤-cell, we undertook a systematic approach characterizing ⌬⌿ over time followed by examining key points along the mitochondrial metabolic pathway. Diversity versus unsteadiness. When a snap-shot image of multiple mitochondria is examined, unsynchronized changes in ⌬⌿ could appear as heterogeneity. We explored this possibility by tracking ␤-cell mitochondria over time and found that ⌬⌿ in mitochondria remain stable during periods of at least 20 min (Fig. 3A) . Parallel observations were made in INS-1 cells (online supplement, Fig. S3C-E) . This analysis additionally accounts for error associated with the definition of a mitochondrion's boundaries (27) . PA-GFP mt reliably identifies bordered matrix volumes, assuring that mitochondrial clusters do not dilute subtle changes in ⌬⌿ occurring in a single mitochondrion. We have previously reported ⌬⌿ oscillations in ␤-cells to be minute in comparison to glucose-induced hyperpolarization (5). These observations also suggest that oscillations at the level of the individual mitochondrion, if they exist, have a magnitude within the noise level, i.e., 1.6 mV.
Mitochondrial flickering is a phenomenon of rapid changes in mitochondrial membrane potential that result from transient openings of the permeability transition pore during apoptosis (30) . The flickering is accompanied by the reversal of F1FO-ATPsynthase and the appearance of ATP-hydrolyzing mitochondria (37) . Given the stable ⌬⌿ in mitochondria (online supplement, Fig. S3D and E) and the sparcity of ATP-hydrolyzing mitochondria, flickering is an unlikely explanation for the heterogeneity, both in normal conditions and under GLT (Fig. 4) . In addition, mitochondrial swelling, a phenomenon associated with damage and apoptosis, was not observed (online supplement, Fig. S2A and B) . Fuel distribution. Pyruvate has been reported to be localized to subcellular domains, possibly due to differential distribution of glycolytic enzymes (38) . To determine the implication of this distribution on ⌬⌿ heterogeneity, we compared ⌬⌿ changes in the presence of glucose and MeS. Bypassing upstream glucose metabolism with MeS would result in more pronounced decrease in ⌬⌿ heterogeneity if intracellular fuel distribution indeed impacts ⌬⌿ heterogeneity. That ⌬⌿ response was equivalent for both fuel types points to other mechanisms as underlying mitochondrial metabolic heterogeneity (Fig. 2E) . In addition, mitochondrial localization did not affect ⌬⌿, further suggesting that fuel distribution is not contributing to the observed heterogeneity in ⌬⌿. BAD/glucokinase. Mitochondrial metabolism depends on import of fuels, such as pyruvate from glycolysis or acyl-CoA derived from fatty acids. Mitochondrial glucokinase resides in a complex with the BCL-2 family member BAD (13) and may control mitochondrial metabolism through creation of an ADP-rich microenvironment. Our finding that BAD Ϫ/Ϫ -dispersed ␤-cells exhibit a more narrow distribution range of ⌬⌿ heterogeneity suggests that the WT cells may have a heterogeneous distribution or activity of mitochondrial associated glucokinase (Fig. 4) . It has been argued that acute glucose exposure mediates association of mitochondria with glucokinase (39) . While such a process is consistent with the ⌬⌿ fuel response observed here, it has not been corroborated in other studies (40) . Recently, a specific plant hexokinase (HXK1), mutated to lack catalytic activity, was shown to still support various signaling functions, thus uncoupling its glucose sensing and subsequent signaling from glucose metabolism (41) . This suggests that BAD-glucokinase association regulates mitochondrial activity at low glucose concentrations, while at stimulatory glucose levels this effect is absent or bypassed. UCP2. It has been reported that UCP2 is induced as well as activated by FFA or ROS and thereby acts as the ⌬⌿ rheostat (15, 16) . Thus, if different mitochondria experience different levels of ROS or have different access to FFA, it is expected that UCP2 would be activated and ⌬⌿ might fall in a heterogeneous manner. However, we found no difference in the level of ⌬⌿ heterogeneity (or its response to glucose between UCP2 Ϫ/Ϫ and WT cells (Fig.  4) . This indicates that UCP2 plays no role in the regulation of ⌬⌿ heterogeneity. Thus, similar to previous reports in Chinese hamster ovary cells (42) , these results do not support a role for UCP2 as a ⌬⌿ rheostat in primary dispersed ␤-cells. ATP-hydrolyzing mitochondria. A mitochondrion may under some circumstances reverse its F1FO-ATPsynthase activity and hydrolyze ATP to maintain its ⌬⌿, e.g., during ischemia (43) . Such mitochondria have reduced ⌬⌿ and may thus contribute to ⌬⌿ heterogeneity. To unmask ATP-hydrolyzing mitochondria, we used OM, an inhibitor of F1FO-ATPsynthase, and found that they constitute only a minor fraction of the mitochondrial population (Fig. 3C) . That ⌬⌿ heterogeneity decreases with OM ( Fig. 2B ) similarly to glucose further supports their relative scarceness. We therefore conclude ATP-hydrolyzing mitochondria to be an insignificant contributor to the level of ⌬⌿ heterogeneity. Moreover, this finding indicates that fuel as well as oxygen is evenly accessible to mitochondria throughout the cell, since deficiency in these would be expected to reverse F1FO-ATPsynthase function in order to maintain ⌬⌿.
To determine the contribution of artifacts to the observed heterogeneity, a systematic analysis of potential sources of noise was examined. These tests indicated that dispersion of cells had little or no contribution to heterogeneity. Imaging procedures have been estimated to contribute a maximum of 1.6 mV SD of one mitochondrion. That would translate into 1.97 SD for an imaging section with ϳ100 mitochondria, a value that should be considered as the noise of the methodology.
Other mechanisms, not examined here, may contribute to ⌬⌿ heterogeneity. These include matrix Ca 2ϩ levels, reported to regulate activity of Kreb's cycle dehydrogenases (44), generation of ROS and mitochondrial fusion and fission events (45) .
